1. Introduction {#sec0005}
===============

In December 31th, 2019, WHO was informed on cases of pneumonia with unknown etiology in Wuhan City, Hubei Province of China and, in January 30th, the new disease was declared a public health emergency of international concern. The virus causing this severe acute respiratory syndrome (SARS) was rapidly identified as a betacoronavirus named SARS-CoV2 \[[@bib0005]\]. This new coronavirus disease, now called COVID-19, has spread globally in six months, locking down the world, infecting millions of people and killing 0.4 million of them as of June, ^7th^ 2020. To date, there is no effective specific treatment nor prophylactic vaccine. Most countries worldwide took restrictive measures including lockdown and social distancing to flatten the epidemic curve and limit virus transmission. The novel SARS-CoV2 coronavirus induces a large spectrum of disease from asymptomatic infections to severe pneumonia and death. Thus, while expecting rapid development of effective vaccines and treatments, it is urgently needed to know the extent of the epidemic, to estimate the level of persons who have been in contact with the virus and recovered from it and the level of herd immunity \[[@bib0010],[@bib0015]\].

Studies from around the world \[[@bib0020], [@bib0025], [@bib0030], [@bib0035], [@bib0040], [@bib0045], [@bib0050]\] reported on immune responses to SARS-CoV2 in the early weeks of the infection using ELISA, plaque reduction neutralization tests (PRNT), chemiluminescence or a combination of these methods. The antigens most commonly used were the spike glycoprotein S1 with the receptor binding domain \[[@bib0040],[@bib0055]\], the nucleocapsid protein or both \[[@bib0035],[@bib0045]\]. Assays such as PRNT and neutralization are not suited for large scale high throughput surveys as it is currently needed for SARS-CoV2 serology because they are time- and bench work-demanding, especially if two antigens are used. There is thus a need for alternative methods for screening in the context of epidemiological surveys. In earlier works on other viral infections, we have developed highly sensitive and specific microspheres bead-based tests to detect antibodies in human and wildlife samples to identify antibodies to a wide diversity of HIV/SIV and Ebola viruses \[[@bib0060],[@bib0065]\]. Here, we developed an assay using the same technology to simultaneously detect IgG antibodies to the highly pathogenic human coronaviruses, SARS-CoV1, SARS-CoV2 and MERS-CoV, using two viral antigens for each of the SARS viruses. The assay presented an accuracy of 100 % and 99.9 % to detect SARS-CoV2 spike and nucleocapsid, respectively.

2. Material and methods {#sec0010}
=======================

2.1. Human plasma {#sec0015}
-----------------

We used a panel of 167 samples ([Table 1](#tbl0005){ref-type="table"} ) to validate our assay. Of these, 77 were COVID-19 negative and were collected in 2015 as described eralier \[[@bib0065]\]. The remaining 90 samples were from consenting COVID-19 patients hospitalized in Montpellier University hospitals and included in the "COVIDOtheque cohort" (ClinicalTrials.gov Identifier: NCT04347850). The cohort received an institutional ethics committee approval (CPP Ile de France III, n°2020-A00935−34). They were collected between March, 26th and April, 25th, 2020 from RT-qPCR confirmed COVID-19 cases as described earlier \[[@bib0070]\].Table 1Characteristics of convalescent and negative control samples used in the study.Table 1ConvalescentsSample collection date26/03/2020−25/04/2020Number included90GenderMale55Female22Unspecified13Age (years)\
median72Range33−99Days since symptoms onset (days)Median\
Range 3−4719Negative controlsCollection dateDecember 2015Number included77

2.2. Recombinant proteins {#sec0020}
-------------------------

We used commercially available recombinant Nucleocapsid and/or Spike (S1) proteins derived from SARS-CoV1, SARS-CoV2 and MERS-CoV. The proteins were from Sinobiologicals and purchased as lyophilized powders from Interchim (Montluçon, France) and resuspended in a buffer and at concentration as per manufacturer's instructions, aliquoted and stored until use.

2.3. Protein coupling to Luminex beads and multiplex screening for IgG antibodies to SARS-CoV1, SARS-CoV2 and MERS-CoV in plasma {#sec0025}
--------------------------------------------------------------------------------------------------------------------------------

We described in detail in our previous works the protocol for coupling proteins and peptides to Luminex microsphere beads \[[@bib0060],[@bib0065]\]. In brief, recombinant spike proteins (1 μg/1.25 × 10^6^ beads) and nucleocapsid (2 μg/1.25 × 10^6^ beads) were covalently coupled on carboxyl functionalized fluorescent magnetic beads (Luminex Corp., Austin, TX) with the BioPlex amine coupling kit (Bio-Rad Laboratories, Marnes-la-Coquette, France) according to the manufacturer's instructions. For each recombinant protein-coupled bead set, we used 2000 beads/μl of assay buffer. Preliminary experiments on different plasma dilutions (1/100−1/1000) showed that the dilution 1/200 gave the best signal to noise ratio. Diluted samples were incubated with coupled beads for 16 h at 4 °C. Reactions were revealed after incubation with a biotin-labeled anti-human IgG and streptavidin-R-phycoerythrin conjugate. Antigen-antibody reactions were read on BioPlex-200 equipment (Bio-Rad, Marnes-la-Coquette. France) and the results were expressed as median fluorescence intensity (MFI) per 100 beads. To determine IgG titers of a subset of samples against the different antigens tested, we performed a 2-fold serial dilution of these samples from 1/100 to 1/12,800 and tested them as described above. The titer was the highest value of reciprocal dilution factor given a signal above the cut-off.

2.4. Calculation of cut-off, sensitivity, specificity and accuracy {#sec0030}
------------------------------------------------------------------

To calculate the cut-off, we used the (Mean+3xSD) formula by calculating the mean of MFI of the 77 COVID-19 negative samples for each of the recombinant proteins tested. We added to the value obtained three times the standard deviation. The result obtained was considered as the cut-off for each antigen. We also used receiver operating characteristics (ROC) curve analysis to determine the cut-off values for SARS-CoV2 antigens (because we only had convalescent samples from SARS-CoV2 patients), their sensitivity, specificity and accuracy. The ROC curve and other statistical analysis were performed with Graphpad Prism8 (San Diego, CA, USA).

2.5. Nucleocapsid based ELISA test {#sec0035}
----------------------------------

We used Abbott SARS-CoV-2 IgG for Alinity EIA as per manufacturer instructions to test a subset of 36 samples of the COVID-19+ samples.

3. Results {#sec0040}
==========

3.1. Sensitivity, specificity and accuracy to detect COVID-19 IgG in convalescent plasma {#sec0045}
----------------------------------------------------------------------------------------

To evaluate the performance of our Luminex-based COVID-19 IgG antibody detection assay, we tested a panel of 167 samples ([Table 1](#tbl0005){ref-type="table"}). The majority (71.4 %) of convalescent patients for whom the gender was specified were males and the median age was 72 years. The median duration between COVID-19 symptoms onset and sample collection was 19 days spanning from 3 to 47 days.

Mean signal intensities in the COVID-19 group were 7475 ± 3576 and 7692 ± 3864 for Spike and NC, respectively. In the negative control group, these values were 233 ± 197 and 95 ± 129 for the Spike and NC proteins, respectively.

We first calculated the cut-off values for positivity for both SARS-CoV2 Spike and Nucleocapsid recombinant proteins using the two methods described in the methods section above. For Spike recombinant protein, the cut-off values were 832 and 1030 MFI by Mean+3xSD and ROC curve analysis methods, respectively. For the nucleocapsid recombinant protein, these values were respectively 482 and 491 with Mean+3xSD and ROC curve analysis methods.

Because previous reports showed that a steady state of IgG response to a viral infection is reached at 2 weeks after exposure \[[@bib0025],[@bib0075], [@bib0080], [@bib0085]\], we selected a subset of samples collected 14 days or more after onset of COVID-19 symptoms to determine the clinical performance of our assay for the detection of IgG antibodies to COVID-19. Results from that analysis ([Table 2](#tbl0010){ref-type="table"} ) showed that sensitivity of both recombinant proteins was 100 %. The specificity of the Spike protein was also 100 % while that of Nucleocapsid was 98.7 %. The overall accuracy of both antigens taken individually was 100 % for Spike and 99.9 % for Nucleocapsid.Table 2Sensitivity, specificity and accuracy of the xMAP assay to detect IgG to SARS-CoV2 antigens in 138 samples; 77 negative control samples and 61 samples from COVID-19 patients ≥ days after onset of symptoms.Table 2SpikeNucleocapsid (NC)Spike + and NC+≥ Day14 (n = 138)95 % CI≥ Day14 (n = 138)95 % CI≥ Day14 (n = 138)95 % CISensitivity (%)100.092.7−100100.092.7−100100.094.−100Specificity (%)100.094.2−10098.792.2−100100.095.2−100Accuracy (%)100.0100.0−10099.999.7−100100.097.3−100PPV (%)100.094.1−10098.491.4−99.7100.094.1−100NPV (%)100.095.2−100100.095.2−100100.095.2−100

We also combined the results of NC and Spike antigens to evaluate a sample status. By doing so, all the assay parameters (sensitivity, specificity, accuracy and the predictive values) were 100 % ([Table 2](#tbl0010){ref-type="table"}).

We next stratified the capacity of our novel assay to detect IgG directed against the spike and nucleocapsid by time after symptoms onset. We defined 3 categories: samples collected less than a week, between one week and two weeks and two weeks or more after symptoms onset. [Table 3](#tbl0015){ref-type="table"} summarizes these data and show that 50 % of patients seroconverted during the first week for both antigens, 77.7 % and 83.3 % between 1 and 2 weeks after symptoms onset on nucleocapsid and Spike, respectively. Two weeks or more after symptoms onset, 100 % of patients had seroconverted against both antigens.Table 3Sensitivity of the xMAP assay to detect IgG anti SARS-CoV2 antigens stratified by time since symptoms onset.Table 3Time since symptoms onsetNIgG anti-NC Positive\
n positive (%)IgG anti-SP\
n positive (%)NC + SP+\
n positieve (%)≤ Day 7105 (50)5 (50)3 (30)Day8-Day131915 (78.9)16 (84.2)15 (78.9)After Day136161 (100)61 (100)61(100)Total9081 (90)82 (91.1)79 (87.7)

We used logistic regression to model IgG response to Spike, Nucleocapsid or to both antigens simultaneously as a function of time since symptoms onset. Results from this analysis ([Fig. 1](#fig0005){ref-type="fig"} **A, B &C**), showed that 50 % of the patients seroconverted at 5.9 ± 1.6; 5.7 ± 1.8 and 7.9 ± 1.0 days since symptoms onset against Spike, Nucleocapsid or both antigens, respectively. Virtually all the patients have seroconverted by 15--20 days after symptoms of COVID-19 were identified, generalizing and confirming the observation from raw data presented in [Table 3](#tbl0015){ref-type="table"}. There were no significant differences in distribution of IgG response to Spike and nucleocapsid antigens between males and females ([Fig. 2](#fig0010){ref-type="fig"} ).Fig. 1**Timing of seroconversion during SARS-CoV2 infection.**Logistic regression was used to represent the dynamics of seroconversion in 90 COVID-19 seroconverters for Spike (left panel), Nucleocapsid (middle panel) or both (right panel). The figures show the fraction of IgG antibody positive samples as a function of time since symptoms onset. The bold curves represent the regression and dashed lines the 95 % confidence interval. All the patients have seroconverted two weeks after the onset of symptoms.Fig. 1Fig. 2**Comparison of IgG response to SARS-CoV2 antigens in male and female convalescent COVID 19 patients.**The figures compare IgG response to SARS-CoV2 antigens (Spike and Nucleocapsid) stratified by gender. There was no statistically significant difference between the two genders for both antigens. The groups were compared by the non-parametric Mann-Whitney *U* testFig. 2

To determine IgG titers to COVID-19 antigens, we selected 6 samples from the early phase of COVID-19 symptoms (\<14 days) and 6 others from later stages (\>30 days) and tested serial dilutions of these samples until negativation. Results from these titration curves showed that ([Table 4](#tbl0020){ref-type="table"} **and** [Fig. 3](#fig0015){ref-type="fig"} ), overall and as expected, IgG titers of samples from later phase were higher than those from earlier phase. This observation stands for both the Spike and the Nucleocapsid proteins. At 4 weeks or later after symptoms onset, 3/6 and 5/6 of the tested samples presented IgG titers above 12,800 against Spike and Nucleocapsid, respectively. This proportion was only 1/6 for both antigens for samples collected before 2 weeks after symptoms onset.Table 4End-point dilution titers of IgG antibodies to SARS-CoV2 Spike and Nucleocapsid recombinant proteins in a subset of early and later phase samples.Table 4Sample IDAgeGenderTime since symptoms onsetIgG titer SpikeIgG titer NucleocapsidMP259460F5\>12,800\>12,800MP257555M7200400MP263675F8\<100800MP268475F832003200MP270274F108006400MP2582NANA12\<100100MP2629NAF30800\>12,800MP270874M31\>12,800\>12,800MP268371F32\>12,800\>12,800MP270573M3332001600MP269475F46\>12,800\>12,800MP262868M476400\>12,800Fig. 3**Titration of IgG antibodies to SARS-CoV2 Spike and Nucleocapsid recombinant proteins.**To determine the titers of IgG antibodies to SARS-CoV2 Spike and Nucleocapsid in a subset of the samples of our panel, we performed 2-fold serial dilutions on six samples from the early phase of symptoms onset and six from later phase (\> 30 days). The graphs show the changes of IgG binding intensities to the Spike (left panel) and the Nucleocapsid proteins (right panel) at the different dilutions. Curves in blue are early phase samples and those in red, from later phase.Fig. 3

3.2. Cross-reactions of COVID-19 convalescent samples with SARS-CoV1 and MERS-CoV antigens {#sec0050}
------------------------------------------------------------------------------------------

Although very diverse, some coronavirus proteins are conserved through the different clades while others, like Spike proteins, are quite species-specific \[[@bib0090]\]. To estimate the level of antibody cross-reactions induced by SARS-CoV2 in convalescent plasma, we also tested our positive control panel samples on the other highly pathogenic human coronaviruses, namely SARS-CoV1 and MERS-CoV recombinant proteins. Data from [Table 5](#tbl0025){ref-type="table"} summarize the results of this comparison. Of the 61 samples of presumably fully seroconverted COVID-19+ patients (*i.e.* two weeks after symptom onset) tested on the five antigens, 100 % cross-reacted with SARS-CoV1 Nucleocapsid protein and 45.9 % also cross-reacted with SARS-CoV1 Spike protein. Notably, only 2 (3.3 %) of the 61 cross-reacted with MERS-CoV Nucleocapsid. These data are perfectly in line with the phylogenetic proximity of these viruses \[[@bib0095]\].Table 5Cross-reactions of 61 SARS-CoV2 convalescent samples (\> 2weeks after onset of symptoms) with SARS-CoV1 and MERS-CoV antigens.Table 5N positive/N tested%SARS-CoV1-NC+61100SARS-CoV1-SP+2845.9MERS-CoV-NC+23.3

3.3. Comparison with a commercial EIA assay {#sec0055}
-------------------------------------------

To evaluate the performance of our novel assay with a commercially available EIA assay, we tested a subset of 36 samples, collected between 1 and 30 days after symptom onset, from the COVID-19+ panel. The EIA assay, United States FDA approved for emergency access, uses SARS-CoV nucleocapsid as antigen. The commercial EIA identified 29 samples positive of 36 tested (80.5 %) while our novel assay detected 31/36 (86.1 %) tested on the same NC antigen. And additional sample, negative by the commercial and was reactive on the Spike antigen. This sample was collected from a patient at day1 post symptoms onset.

4. Discussion {#sec0060}
=============

In most countries of the world affected by the Covid-19 pandemic, the coverage of viral detection by molecular means has been low and thus, the actual epidemic spread of the SARS-CoV2 is unknown. One possibility to fill this gap is to perform serological diagnosis and surveys. This is especially important for patients with mild to moderate illness and who do not refer to medical care, or refer later, after 2 weeks, when the probability of virus detection is low. Serological diagnosis is also an important tool to understand the extent of COVID-19 in the community and to define the level of herd immunity.

We chose the Spike and Nucleocapsid recombinant proteins as antigens because they have been shown to be highly immunogenic during coronavirus infections in humans or non-human primates \[[@bib0100]\]. Our data showed that for both antigens, the sensitivity was 100 % ([Table 2](#tbl0010){ref-type="table"}). However, while the specificity of Spike antigen was also 100 %, that of the Nucleocapsid antigen was slightly lower (98.7 %) because one sample from the pre-epidemic panel reacted weakly above the cut-off threshold with that antigen. This could reflect a non-specific binding or a cross-reaction with one of the mild coronaviruses circulating in France in 2015. Overall, the accuracy of both antigens was above 99 % ([Table 2](#tbl0010){ref-type="table"}). Because a fully established IgG response in a natural infection normally covers all immunogenic antigens, we also analyzed the performance of our assay by combining the two antigens we tested. As expected, this resulted in a highly sensitive and specific assay with 100 % performance for all the parameters evaluated. French as well as international health authorities recommend that serological diagnostic assays should present a clinical specificity of at least 98 % and a clinical sensitivity of 90 % or more \[[@bib0105]\]. Our assay largely fulfills these criteria.

When we stratified the samples by time since symptoms onset, we observed that 100 % of patients have seroconverted after two weeks ([Table 3](#tbl0015){ref-type="table"}). A recent work reported that 100 % of patients (n = 125) tested for COVID-19 were IgG positive by day 17 after symptoms onset \[[@bib0030]\]. Two comprehensive reviews on different aspects of the human immune responses to coronavirus infections, including SARS-CoV2, showed that in most patients, IgG-seroconversion occurs from the second week since symptom onset onwards, with the kinetics and breath depending on the severity or not of the disease \[[@bib0100],[@bib0110]\]. However, it is too early to know if antibody response induced by SARS-CoV2 will persist over time and for how long and if they will be protective upon re-exposure to the same or a related virus. For other human coronavirus, including SARS-CoV1 and MERS-CoV, IgG antibodies have been detected up to 2--3 years after infection \[[@bib0115],[@bib0120]\].

Another major concern in the antibody response to SARS-CoV2 is the nature, breath and titers of IgGs. Here, we found that in 8/12 samples collected ≥ 2 weeks after symptoms onset, IgG titers above 12,800 were observed. It is not known if these IgGs are neutralizing or not. Ju and colleagues \[[@bib0125]\] for instance isolated potentially neutralizing monoclonal antibodies with high titers from memory B-cells of SARS-CoV2 seroconverters.

One of the multiple advantages of the Luminex technology is the possibility of multiplexing. As previously reported \[[@bib0125]\], we observed here high level cross-reactivity between the Nucleocapsid proteins of SARS-CoV1 and SARS-CoV2. Hence, EIA using this antigen for COVID-19 serodetection in areas where SARS-CoV1 circulated might lead to false positive results. This should be especially taken into consideration when performing epidemiological surveys. To limit this peculiarity and significantly increase the specificity of our assay, we considered a sample as positive if it was simultaneously reactive on Nucleocapsid and Spike protein. We successfully applied such an algorithm for the serology of Ebolavirus in human and wildlife samples \[[@bib0065],[@bib0130], [@bib0135], [@bib0140], [@bib0145]\]. One limitation of such a strategy is the difference in the kinetics of antibody response to these different antigens. It is very likely that surface and internal proteins will induce different kinetics of IgG responses. Hence, an algorithm combining two or more different antigens is most pertinent in the steady phase of the antibody response.

Finally, we compare our novel assay with a commercially available EIA assay. On the same viral antigen, our assay was more sensitive than the reference assay. The observation of Luminex assay being more sensitive than other EIA has already been reported by our group and others for different pathogens \[[@bib0065]\].

In summary, we have developed a highly sensitive and specific multi-target serological tool for the detection of IgG antibodies to SARS-CoV1, SARS-CoV2 and MERS-CoV infections. The assay is at least as sensitive as a commercial EIA and is fully suited for high throughput sero-epidemiological surveys.
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